This research investigates the modification and dispersion and of pristine multiwalled carbon nanotubes (MWCNTs) through a simple solution mixing technique based on noncovalent interactions between poly(phenylene ethynylene) based conjugated polyelectrolytes functionalized with cationic imidazolium solubilizing groups (PIM-2 and PIM-4) and MWCNTs.
Introduction
With a unique combination of electrical, mechanical and thermal properties, carbon nanotubes (CNTs) have drawn significant attention since their discovery in 1991. [1] [2] [3] [4] [5] CNTs can act as excellent nanofillers in the field of polymer-nanocomposites. [6] [7] [8] [9] In the last few years, interest in polymer/CNT composites has grown significantly due to their numerous applications including use in passive and active electronic and optoelectronic materials and devices. [10] [11] Polymer/CNT composites combine the good processability of polymers and the unique electrical, mechanical and thermal properties of CNTs, affording low-cost polymer materials with improved properties. [12] [13] [14] Nevertheless, real-world applications of CNTs still face challenges. A key challenge to application is the poor miscibility between polymers and CNTs. [15] [16] Due to van der Waals attraction and π-π stacking, CNTs are thermodynamically driven to form aggregates and clusters.
The weak interfacial interaction between CNTs and polymers makes CNTs immiscible in the polymer phase, which decreases the improvement of the polymer properties dramatically. [16] [17] [18] [19] [20] [21] [22] To overcome these problems, nanotubes were segregated out of their aggregated bundles by utilizing either covalent or non-covalent functionalization to modify their surface properties. [23] [24] [25] [26] Chemical functionalization of CNTs involves covalent attachment of functional groups (often polymer chains) to the open-end and sidewalls. This covalent functionalization of CNTs can improve CNT dispersion in solution and polymer matrices. Furthermore, covalent functionalization can also be used to modify and control the CNT/polymer interface for composite properties by varying the chemical functionality. [27] [28] [29] However, a notable drawback of covalent functionalization is disruption of the extended π-conjugation in the nanotubes, thus affecting their electronic properties.
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By contrast, when CNTs are non-covalently functionalized, their structural integrity is preserved and consequently their properties are not disrupted, which is essential for their postsynthetic applications. [30] [31] [32] Non-covalent functionalization involves utilizing specific molecules or polymers that adsorb onto the CNT surface to separate the CNT aggregates, and improve the dispersion of CNTs in solution or a polymer matrix. A library of established non-covalent functionalizing agents exists in the literature. Previous studies have examined the effect of low molecular weight molecules, surfactants and polymers including chitosan, sodium dodecyl sulfate (SDS), sodium cholate and conjugated polmers. [33] [34] [35] [36] Among these agents, conjugated polymers exhibit some of the best dispersing and solubilizing properties for CNTs. The strong π-π interaction between conjugated polyarylenes and CNTs allows the backbone of these polymers to wrap CNTs efficiently.
37-39 Bargen et al. suggested that wrapping of poly [p-2,5-bis(3-propoxysulfonicacidsodiumsalt)}phenylene]ethynylene (PPES) around SWCNTs is not solely
due to π-π interaction between the conjugated backbone and the CNTs. They suggest that it also arises from the presence of the propoxysulfonate side-chains that interact with the nanotubes and the solvent resulting in helical wrapping of the polymer around nanotubes. 40 Examples also include poly(3,4-ethylenedioxythiophene)-/poly(styrenesulfonate) (PEDOT/PSS) that adsorbs onto the surface of multiwall carbon nanotubes (MWCNTs) thus improving the dispersion and electrical properties of the nanocomposite. 41 A hallmark study by Deria et al. showed that poly[2,6-1,5-bis(3-propoxysulfonic acid sodium salt)} naphthylene]ethynylene (PNES) is able to helically wrap SWCNT with a periodic and constant morphology when a phase transfer catalyst such as 18-crown-6 is used. 42 Our group has also reported poly-(9,9-dioctyfluorenyl-2,7-diyl) (PFO) to disperse multiwall CNTs in polyetherimide (PEI) matrix. The electrical conductivity of PEI was dramatically increased by the PFO/CNT dispersion. 43 
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Ionic liquids have also been demonstrated to be good dispersion agents for CNTs via non-covalent functionalization. In a recent study, we reported a simple and scalable method for dispersing MWCNTs in a polyetherimide (PEI) matrix using an imidazolium based ionic liquid (IL). The strong interactions between the CNTs and the IL led to the formation of "bucky gels", which when dispersed within PEI yield films with excellent conductivity and thermal stability. 44 Herein, we seek to combine the excellent dispersion capability of conjugated polymers and imidazolium solubilizing groups. Specifically, a set of conjugated polyelectrolytes (CPEs) featuring imidazolium side groups have been designed and prepared ( Figure 1 ). The design of these polymers takes into consideration the idea that the poly(phenylene ethynylene) backbone will adsorb onto with the CNT surfaces, while the pendant imidazole groups will act as solubilizing and stabilizing units, giving rise to the ability to disperse the modified CNTs in solvents and polymer matrices. We characterize the interaction between the CPEs and MWCNTs by using optical spectroscopy and electron and atomic force microscopy, and the electrical, thermal and mechanical properties of PMMA composites with the CPE modified CNTs are then explored. The results show that the imidazole conjugated poylelectrolytes serve as excellent solubilizing and dispersing agents for MWCNTs, giving rise to composites that exhibit moderate DC conductivity and improved thermal and mechanical properties.
Experimental Methods
Materials. PMMA in fine powdered was supplied by SABIC Innovative Plastics TM (average M w ~990000). MWCNTs were purchased from Sigma Aldrich with a purity >95%. The diameter of the MWCNTs used is 6-9 nm and the length is 2-5 µm. Dimethylformamide (DMF) was purchased from Sigma Aldrich and used as received. The conjugated polyelectrolytes PIM-2 and PIM-4 were prepared and characterized as described elsewhere. 45 
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Preparation of Conjugated Polyelectrolyte Coated MWCNTs. PIM-2 or PIM-4 were dissolved in (DMF) under bath type sonication for 90 minutes followed by stirring for 12 hours at room temperature to obtain a homogenous pale yellow solution. Pristine MWCNTs were mixed with the PIM/DMF solution then sonicated for 90 minutes to form a homogenous suspension. Mixtures of different concentrations of PIM/MWCNT were prepared and studied.
Preparation of the PMMA/PIM/MWCNTs Nanocomposites. PMMA was dissolved in DMF and allowed to stir at room temperature for one hour until a clear solution was obtained.
PMMA was then added to the PIM/MWCNT solutions to obtain different mixtures of PMMA/PIM-MWCNT. The PMMA/PIM-MWCNT dispersions were then sonicated for one hour and then stirred for 12 hours. The mixtures were then cast into a glass petri dish followed by solvent evaporation at 50 o C in a vacuum oven for 24 hours to obtain the desired polymer nanocomposite membrane. The resulting membranes were 0.1 mm thick, and they were heated at 70 o C for 24 hours eliminate any remaining solvent.
Instrumentation and Methods. Ultraviolet-visible absorption spectra were completed in DMF solutions using Varian Cary 5000 UV-VIS-NIR absorption spectrometer at room temperature. Fluorescence spectra were measured using Varian Cary Eclipse fluorescence spectrometer.
High Resolution Transmission Electron Microscopy (HRTEM) images were obtained using a Titan CT (FEI Company) operating at 300 kV and equipped with a 4 k x 4 k CCD camera (Gatan). Standard (TEM) images were collected using a Tecnai G2 Spirit TWIN, a 20-120 kV / LaB6. The PIM/MWCNT solution was drop casted on a lacy copper grid stabilized with carbon (300 MESH, EMS) and dried for 6 hours in a desiccator prior to the analysis.
Atomic Force Microscopy (AFM) data were obtained by depositing the sample on a freshly The decomposition behavior of the composites was studied using a Thermogravimetric Finally, the Zeta Potential was measured using Zetasizer Nano ZS from Malvern.
Results and Discussion
Study and Characterization of CPEs/MWCNTs Dispersion. Two conjugated polyelectrolytes were used in the present investigation as shown in Figure 1 (PIM-2 and PIM-4). to PIM-2. Both of the polymers are blue-violet absorbing and they emit strong blue-green fluorescence. 46 PIM-2 and PIM-4 are easily dissolved in water, alcohols and polar organic solvents and, interestingly it is found that when their solutions are mixed in various ratios with
MWCNTs they are able to disperse the nanotubes in various organic and aqueous solvents. For example, as shown in Figure 2a , the dispersions of PIM-2/MWCNTs in DMF solvent are homogenous, with no evidence of MWCNT precipitation observed after more than 8 months,
indicating the high stability of the dispersion.
In order to probe the physiochemical interactions between the imidazole CPEs and the MWCNTs, we used optical spectroscopy to examine changes that occur when the species are mixed. [47] [48] Thus, the UV-visible absorption spectra were recorded for PIM-2 (22 µg/ml) in DMF as reference solution, and for PIM-2/MWCNTs dispersions with varying concentrations of the MWCNTs (Figure 2b ). The major absorption band observed for PIM-2 has λ max ~ 417 nm, which is characteristic of the PPE backbone. 49 With increased MWCNT concentration, the overall absorption increases due to the broad visible absorption by the nanotubes; the absorption peak due to PIM-2 is clearly visible, but becomes less resolved as the overall absorption increases above 2 absorbance units. 50 Fluorescence spectroscopy was also used to probe the electronic interaction between PIM-2 and the MWCNTs. The fluorescence spectrum of PIM-2 exhibits a strong fluorescence 9 emission with a band maximum at λ max = 450 nm ( Figure 2c ). Upon addition of MWCNTs into the PIM-2 solution, the fluorescence is progressively quenched as the concentration of the MWCNTs is increased. More than 40% of PIM-2 fluorescence emission is quenched by MWCNTs for 1:1 mass ratio (MWCNT:PIM-2), and the emission is entirely quenched at a 6:1 mass ratio. This significant quenching of the PIM-2 fluorescence is likely due to either energy and/or electron transfer from PIM-2 to the MWCNTs. [51] [52] (In order to confirm that the fluorescence quenching is not due to self-absorption, the quenching experiment was repeated with optically dilute samples, see Fig. S5 ). The finding clearly indicates the presence of strong interactions between the CNTs and the PIM-2 backbone, and is also considered to suggest the existence of π-π stacking between PIM-2 and the MWCNTs. [53] [54] Another important point to note
is that the quenching trend in the fluorescence spectra obtained from our measurement is distinct to that typically seen arising from quenching of CPEs due to inter-chain aggregation (red-shift accompanying reduction in intensity), and thus further suggests the unique interaction between the MWCNTs and PIM-2.
Zeta potential measurements were used to characterize and compare PIM-2/MWCNT and PIM-4/MWCNT dispersions. This experiment relates the dispersion to the magnitude of electrostatic interactions between CPE modified MWCNTs. [55] [56] As seen in Figure S1 , pristine
MWCNTs are nonionic and their zeta potential is zero in neutral solutions. However, when the MWCNTs are coated with the polyionic CPE chains, they acquire a charge and therefore consequently display a surface potential where the sign reflects the charge on the polyelectrolyte.
As seen in Figure S1 , the zeta potential values are +45 mV for 4:1 MWCNT:PIM-2 (wt:wt) and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Interestingly, the zeta potential of the PIM-4 coated MWCNTs is twice that of the PIM-2 coated
MWCNTs. This increase in the potential is a result of the higher charge density on the PIM-4
backbone; the doubling of the zeta potential for PIM-4 suggests that the two polyelectrolytes adsorbs with similar surface coverage (based on the number of phenylene ethynylene repeat units) on the MWCNTs. The effect of the different surface potential imparted by PIM-2 and PIM-4 on the dispersion of the MWCNTs and the conductivity of the PMMA/PIM/MWCNTs composites is discussed later in this paper.
Transmission electron microscopy (TEM) was used to characterize the interaction between the CPEs and MWCNTs by real-space imaging of the morphology of the CPE-wrapped
MWCNTs. Figure 3 compares the TEM images of pristine and CPE modified carbon nanotubes. 
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Finally, the size and surface morphology of the PIM-2 modified MWCNTs were characterized using atomic force microscopy (AFM). [59] [60] The AFM images were obtained on PIM-2/MWCNTs dispersed in DMF and then deposited onto a mica substrate. Figure 4 shows the AFM image of the sample, along with several plots of the z-axis height profile for specific 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   11 regions. The z-axis scans collected in Figure 4b show that the diameter of PIM-2/MWCNT falls in the range 9-14 nm, which is 3-5 nm greater than the original pristine MWCNTs (6-9 nm as reported by the supplier). Moreover, the z-axis scan shown in Figure 4c which was taken along the surface of a single nanotube reveals an irregular height profile, consistent with the notion that PIM-2 exists on the nanotube surfaces as a continuous, but irregular coating. Note that this morphology is distinct from the "helical" wrapping that has been reported for wrapping of single-walled CNTs by a helical CPE by Therien and co-workers. [37] [38] 40 Morphology of PMMA/PIM-2/MWCNTs Nanocomposites. Composites consisting of PIM-2/MWCNTs within a poly(methyl methacrylate) matrix (PMMA) were fabricated by using a solution casting method where PMMA was mixed and sonicated with the previously modified PIM-2/MWCNTs followed by casting into a glass petri dish. The objective of this work is to obtain a uniform dispersion of the PIM-2/MWCNTs within the PMMA matrix, leading to enhanced properties of the PMMA composite (e.g., conductivity, mechanical strength, and thermal stability).
High resolution scanning electron microscopy (HR-SEM) was used to image the dispersion of the PIM-2 modified-and pristine MWCNTs within a PMMA matrix ( Figure 5 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 S3). Because of the MWCNT aggregation, the MWCNTs network is discontinuous within the PMMA matrix and consequently, very low conductivity was observed.
As expected, the volume resistivity of pristine PMMA is very high (10 16 Ω.cm) which is consistent with its insulating properties. Upon the addition of 1 wt% PIM-2 only to the PMMA sheet (Figure 6a ), the volume resistivity decreased slightly indicating that no substantial conductivity is added to the PMMA matrix in the presence of PIM-2 alone. However, the resistivity decreased sharply with the increasing concentration of the PIM-2 modified MWCNTs.
For 0.25 wt% MWCNTs, the resistivity was measured as 6x10 13 Ω.cm compared to the value for pristine PMMA which was 10 16 Ω.cm. This high resistivity value is explained as being due to the fact that the nanotube concentration within the PMMA matrix is still quite low (and below the Upon decreasing the concentration of PIM-2 in the polymer matrix to 0.5 wt% (Figure   6b ), a similar effect on the conductivity of the composites was observed with a slight increase in the conductivity values obtained. Interestingly, when only 0.25 wt% PIM-2 was used, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 volume resistivity of 3 × 10 3 Ω·cm at 2 wt % loading of MWCNTs and 0.5 wt % loading of PFO. 43 To demonstrate the potential application of the modified composite membrane in electrical devices, a PMMA/PIM-2/MWCNTs membrane with 2 wt% MWCNTs and 1 wt% PIM was demonstrated to act as a conductor, connected in series with circuit for a light emitting diode (60 mW, see Figure S4 ).
Thermal Analysis of the PMMA/PIM-2/MWCNTs Composites.
To explore the effect of the PIM-2 modified MWCNTs on the thermal stability of the PMMA composites, the thermal properties of PMMA and the modified composites were studied using differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) under nitrogen atmosphere. Results are summarized in Figure 7 and Table 1 , and in the supporting information. The importance of this study is to determine the dispersion state of the modified MWCNTs within the polymer matrix and the effect of any possible MWCNTs aggregates on the thermal behavior of PMMA. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 compared to the neat PMMA. Interestingly, these findings that the PIM-2/MWCNTs lead to a slight increase in the T g are in concert with findings that dispersion of polymer grafted graphene in PMMA leads to slight increase in the T g . 63 The effect is attributed to the "attractive" interaction between the graphene surface and the PMMA matrix, which decreases the mobility of the chains in proximity to the interface. It is likely that a similar effect arises in the PIM-2/PMMA composites, which points to the fact that the PIM is a good interface stabilizing agent, having a favorable interaction with the PMMA matrix.
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